Two peptides consisting of amino acids 1-30 and 31-67 of the N-terminus of the prohormone of atrial natriuretic factor (pro-ANF) that have vasodilatory and natriuretic properties were investigated to determine if they circulate in humans. Specific and sensitive radioimmunoassays were developed to amino acids 1-30, 31-67, and 99-126 of pro-ANF. Evaluation of human plasma that had been subjected to reverse-phase high-pressure liquid chromatography suggested that pro-ANFs 1-30 and 31-67 as well as ANF were distinct peaks in human plasma corresponding exactly to pure synthetic peaks of these peptides on high-pressure liquid chromatography. Molecular weight determination of the endogenous immunoreactive peptides measured in plasma by G-50 Sephadex gel permeation chromatography revealed that the pro-ANF 1-30 radioimmunoassay recognized a peptide of 10,000 MW, which is consistent with it measuring the whole N-terminus of pro-ANF (amino acids 1-98) but without ANF (C-terminus) attached to it. The pro-ANF 31-67 radioimmunoassay recognized mainly (more than 95%) a peptide of 3,900-4,000 MW, which corresponds closely with its actual molecular weight of 3,878. Our ANF radioimmunoassay recognizes a peptide in plasma of 3,000 MW with the known molecular weight of ANF being 3,081. The mean circulating concentrations of immunoreactive pro-ANF 1-98, pro-ANF 31-67, and ANF in 54 control subjects were 531±25, 371±+18, and 22±1 fmol/ml (±SEM), respectively. Thirty patients with varying severity of congestive heart failure were also studied. The N-terminus, C-terminus, and pro-ANF 31-67 increased: twofold for New York Heart Association functional Class II, threefold to ninefold for Class III, and 10-to 20-fold for Class IV patients with congestive heart failure. Thus, the N-terminus and a 4,000-MW peptide from the midportion of the N-terminus of pro-ANF as well as ANF circulate normally and increase proportionately to the increasing severity of congestive heart failure. However, because the pro-ANF 31-67 radioimmunoassay was the only assay that discriminated between patients with Class I congestive heart failure and control subjects, this assay may be the most useful to accurately classify the severity of congestive heart failure.
a fourfold to fivefold increase in cyclic GMP (cGMP), which was found to be due to activation of particulate guanylate cyclase (E.C. 4.6.1.2).5 Pro-ANF 1-30 and pro-ANF 31-67 also have been found to enhance the guanylate cyclase-cGMP system in the kidney, similar to ANF. 7 The present study details new radioimmunoassays devised to determine if these peptides (pro-ANF 1-30 and pro-ANF 31-67) circulate normally in humans. When the N-terminus (amino acids 1-98) and a 4,000 -MW peptide from the midportion of N-terminus of pro-ANF consistent with pro-ANF 31-67 were found to circulate in 54 normal subjects, this study was extended to determine if the levels of these peptides change in patients with salt and water metabolism abnormalities. Thirty patients with congestive heart failure who were subdivided on the basis of the severity of their symptoms by New York Heart Association (NYHA) functional Classification were studied.
Methods

Control Subjects
Fifty-four control subjects (35 men and 19 women; age 22-49 years; all normotensive with blood pressures less than 138/88 mm Hg) were studied. These subjects had heart rates ranging from 60 to 92 beats/min with respiration rates between 12 and 14/min. Blood pressure, heart rate, weight, height, age, and gender of each are shown in Table 1 . None of these volunteers had any known disease. Of importance, none of these subjects had any salt or water metabolism abnormality. None of the 54 subjects were on any medications except seven of the 19 women, who were on birth control pills. (The results are subdivided below for women on birth control pills.)
Patients
Thirty patients with congestive heart failure were also evaluated to determine if the circulating concentrations of these peptides vary with abnormal salt and water metabolism. These patients were subdivided into four groups (I-IV) according to the NYHA's functional Classification of symptomology associated with congestive heart failure.8 These 30 patients had respiration rates of 12-18/min with heart rates of 72-96 beats/min. Their blood pressure ranged from 110/68 to 160/94 mm Hg ( Table 2) . The first two patients tested under the NYHA Class IV classification in Table 2 had pulmonary edema clinically, which was confirmed by chest roentgenograms. None of these patients with congestive heart failure had any discernible renal impairment; the serum creatinine of all patients was less than 1.5 mg/dl. Informed consent was obtained from both the control subjects and the patients with congestive heart failure after the nature and possible consequences of the studies were fully explained. This study was approved by the Human Use Committee of both the University of Arkansas for Medical Sciences and the John L. McClellan Memorial Veterans Hospital. Antisera to Pro-ANF 1-30 and 31-67
Radioimmunoassays to determine which portion of human pro-ANF circulates in human plasma were devised to amino acids 1-30, 31-67, and 99-126 with synthetic 1251-labeled peptides labeled by the Idogen method9 and antisera purchased from Peninsula Laboratories (Belmont, California). These antibodies were produced by conjugating each respective peptide to thyroglobulin with subsequent subcutaneous injection into rabbits. 10 Purity of Pro-ANF Peptides 1-30, 31-67, and To test these peptides for purity, we subjected them to reverse-phase high-pressure liquid chromatography using a Novapak C-18 (5 g) cartridge column. The Waters Associates liquid chromatograph was comprised of a Model 680 gradient controller, two Model 510 high-pressure liquid chromatography pumps, a Model U6K injector, and a Model 481 LC spectrophotometer. The flow rate was 1 ml/min with 0.1% trifluroacetate solvent in pump A and 60% acetonitrile in 0.1% trifluroacetate in pump B. Separation was achieved using a linear gradient of 0-60% solvent B over 40 minutes. The ultraviolet deflection was set at 210 nm, and 1 gg/ml of each peptide was injected. Each peptide was first run separately to determine its retention time. After their respective retention times were determined, 10 ,ul of each peptide (1 ,ug/,l) were combined, and 25 gl of this pool was evaluated at the above flow rate by being placed into pump A. Three separate, distinct peaks were found at 32%, 48.5%, and 39% acetonitrile for ANF, pro-ANF 1-30, and pro-ANF 31-67, respectively, as shown in "Results." Extraction of Pro-ANF 1-30 and 31-67
From Plasma
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Radioimmunoassay for Pro-ANF 1-30
A typical standard curve for the pro-ANF 1-30 radioimmunoassay is shown in Figure 1 . Evaluation of the sensitivity of this assay revealed that it had an IC50 of 180 fmol/tube and could detect as little as 40 fmol synthetic pro-ANF 1-30. Dilution curves of ANF, pro-ANF 31-67, normal human plasma, and plasma from patients with congestive heart failure are also shown. The pro-ANF 1-30 radioimmunoassay is specific with less than 0.5% cross-reactivity with either pro-ANF 31-67 or ANF as shown in Figure 1 . The antisera to pro-ANF 1-30 also had no detectable cross-reactivity with vasopressin, somatostatin, adrenocorticotropic hormone, insulin, or oxytocin. The intra-assay coefficient of variation for pro-ANF 1-30 radioimmunoassay was 4.8%, whereas its interassay variation was 8%. The parallelism of circulating immunoactive pro-ANF with the standard curve was tested by the addition of 100, 200, and 400 gl normal human plasma and with 100-gul plasma from patients with congestive heart failure; this congestive heart failure plasma diluted 1: 10 and 1:5. A very good parallelism with serial dilution of plasma from both control subjects and patients with congestive heart failure was found (Figure 1 ). Recovery was examined by adding synthetic, unlabeled pro-ANF 1-30 at 100, 200, and 400 pg/ml with a recovery of 83.5+13.2% (SD) being found for pro-ANF 1-30.
Radioimmunoassay for Pro-ANF 31-67
A typical standard curve for pro-ANF 31-67 is shown in Figure 2 . This radioimmunoassay can detect as little as 35 fmol synthetic pro-ANF 31-67, and its IC50 of 120 fmol/tube reveals it to be a sensitive assay. It is also a specific assay as evi- Figure 2 where one observes that the cross-reactivity with these two peptides is less than 0.5%. The pro-ANF 31-67 antisera, likewise, has no detectable cross-reactivity with insulin, vasopressin, somatostatin, adrenocorticotropic hormone, or oxytocin. The intra-assay coefficient of variation of the pro-ANF 31-67 radioimmunoassay was 5.3% with an interassay coefficient of variation of 8%. The parallelism of circulating immunoactive pro-ANF 31-67 with the standard curve was examined by the addition of 100, 200, 300, 400, and 500 ,ul normal human plasma and with 100 gl plasma from patients with congestive heart failure; this plasma diluted 1: 10 and 1:5. Excellent parallelism with serial dilutions of plasma from both control subjects and patients with congestive heart failure was found (Figure 2) . Recovery for the pro-ANF 31-67 radioimmunoassay was examined by adding 100, 200, and 400 pg/ml synthetic, unlabeled pro-ANF 31-67 to normal pooled plasma. The recovery of pro-ANF 31-67 was 100.9+8.9%.
Radioimmunoassay ofAtrial Natriuretic Factor
In comparison to the above newly developed radioimmunoassays, our ANF radioimmunoassay has an intra-assay coefficient of variation of 5.7% and an interassay variation of 6.9%. It is, likewise, a specific assay with no detectable cross-reactivity with either pro-ANF 1-30 or pro-ANF 31-67 (Figure 3) . Likewise, it has less than 0.5% detectable cross-reactivity with vasopressin, insulin, adrenocorticotropichormone, oxytocin, or somatostatin. This ANF radioimmunoassay has excellent parallelism when examined with 100, 200, 400, and 800 gl human plasma from control subjects or with 100 ,ul plasma from patients with congestive heart failure and its 1:10 and 1:5 dilutions (Figure 3 ). It is a sensitive assay with an IC50 of 11 fmol and can detect as little as 1.4 fmol ANF. Recovery of unlabeled synthetic ANF (amino acids 99-126 of the prohormone) at 100, 200, and 400 pg/ml in this assay is 92+11% (+SD).
Comparison of Recovery of Pure Peptides With C-18 Columns Versus Ethanol Extraction
Recovery of the pure synthesized form of these three peptides as determined by high-pressure liquid chromatography was compared by adding the pure synthetic forms of pro-ANFs 1-30 and 31-67 and ANF to 1 ml human plasma on a Sep Pak C-18 column (Peninsula Labs, Belmont, California) with that of ethanol extraction described above. Before application to an activated 500-mg Sep-Pak column, the 1-ml plasma samples were acidified with 1 ml 0.1% trifluoroacetic acid and the resulting 2-ml plasma solutions were applied to the columns. The C-18 columns had been activated by adding first 60% CH3CN in 0.1% trifluoroacetic acid (4xl ml) and then 0.1% trifluoroacetic acid (4x5 ml). After the addition of plasma, the columns were rinsed with 0.1% trifluoroacetic acid (4x5 ml) and then eluted with 60% CH3CN in 0.1% trifluoroacetic acid (3 xl ml) into polypropylene tubes. The samples were then taken to dryness and assayed. Recovery of ANF with the C-18 columns was, on average, 75% compared with 92% for the ethanol extraction method. Recovery of pro-ANFs 1-30 and 31-67 with the C-18 columns averaged 56% (range, 43-75%) and 62% (range, 49-74%) versus 84% and 100%, respectively, for the ethanol extracted method. Because of the better recovery with the ethanol extracted method, all of the data described below are with this method. 
High-Pressure Liquid Chromatography Evidence
Characterization of Molecular Weights of the Endogenous Immunoreactive Peptides
Recognized by the Pro-ANF 1-30, Pro-ANF 31-67, and ANF Radioimmunoassays G-50 Sephadex gel permeation chromatography revealed that the pro-ANF 1-30 radioimmunoassay recognizes a peptide of approximately 10,000 MW, which is most consistent with it measuring the whole N-terminus of pro-ANF (i.e., amino acids 1-98) but without ANF (C-terminus of prohormone) attached to it as illustrated in Figure 6 . The pro-ANF 31-67 radioimmunoassay, on the other hand, recognizes mainly (more than 95%) a peptide of 3,900-4,000 MW, which corresponds closely with the known molecular weight of 3,878 for pro-ANF 31-67 ( Figure 6 ). The pro-ANF 31-67 radioimmunoassay also recognizes to a small extent (-5%) the 1-98 amino-acid N-terminus of pro-ANF ( Figure 6 ). Our ANF radioimmunoassay recognizes a peptide in human plasma of approximately 3,000 MW with the actual molecular weight of ANF being 3,081 ( Figure 6 ). This ANF radioimmunoassay does not recognize any part of Nterminus (i.e., amino acids 1-98) of pro-ANF ( Figure 6 ). None of these three radioimmunoassays recognized the whole pro-ANF (i.e., amino acids 1-126), which has a molecular weight of 13,000-13,500 and would have eluted between the Table 1 . The circulating concentrations of these peptides were similar in both women and men. The mean concentration of immunoreactive pro-ANF 1-98 in 35 men was 533±33 fmol/ml; in 19 women, its concentration was 527±35 fmol/ml. The concentration of immunoreactive pro-ANF 31-67 in these 35 men was 376±24 fmol/ml, while its concentration in these 19 women was 361±27 fmol/ml. Seven of the women were on birth control pills (subjects 4, 27, 29, 33, 43, 51, and 53). The average values for immunoreactive pro-ANFs 1-98 and 31-67 in these seven women were 499±40 fmol/ml (±SEM) and 329±39 compared with 542±53 and 380±39 fmol/ml for the 12 women who were not on birth control pills. None of the 54 subjects were on any other medication. The average ANF concentration for women on birth control pills was 20±2 compared with 22±2 fmol/ml for those not on birth control pills. The difference in concentration of each of these circulating peptides for the women taking birth control pills compared with those women not taking birth control pills was not significant when analyzed with the Student's t test for unpaired values. To determine if congestive heart failure has any effect on the circulating levels of these peptides, we studied 30 male patients with congestive heart failure. As seen in Table 2 , the circulating concentration of immunoreactive pro-ANFs 1-98, 31-67, and 99-126 (ANF) increased in patients with congestive heart failure. Each of the peptides increased proportionately to the severity of heart failure as determined by NYHA Classification. Thus, each of these peptides increased twofold for Class II, threefold to ninefold for Class III, and 10-to 20-fold for Class IV patients with congestive heart failure. Pro-ANF 31-67 was found to increase proportionately more than ANF or pro-ANF 1-98 in the patients with more severe congestive heart failure (i.e., Class III and IV), and pro-ANF 31-67 was the only peptide whose circulating concentration was increased in Class I patients compared with control subjects.
Discussion
The use of highly sensitive and specific new radioimmunoassays in the present study demonstrates that a 10,000-MW peptide consistent with the whole N-terminus (amino acids 1-98) of the 126-amino-acid pro-ANF and a 4,000-MW peptide from the midportion of N-terminus consistent with amino acids 31-67 of the prohormone as well as ANF (i.e., amino acids 99-126) circulate normally in humans. The positive correlation of circulating concentration of the whole N-terminus of the prohormone with the circulating concentration of ANF in both normal persons and in persons with abnormalities of salt and water metabolism suggests that the N-terminus of the prohormone is cosecreted with ANF. Recently, in studies in rats'3,14 and humans,15 other investigators have also found that a 10,000-MW peptide consistent with the whole Nterminus (amino acids 1-98) circulates under normal conditions and is cosecreted with ANF (i.e., C-terminus consisting of amino acids 99-126 of the prohormone). The present study demonstrates for the first time that a 4,000-MW peptide cleaved from the midportion of the N-terminus of pro-ANF also circulates normally in humans. Gel permeation chromatography revealed that our pro-ANF 31-67 radioimmunoassay was recognizing mainly an immunoreactive peptide of 3,900-4,000 MW that is close to the actual molecular weight of 3,878 for pro-ANF 31-67. Because molecular weights determined by gel permeation chromatography are estimates, the molecular weight may actually be 3,878 (i.e., pro-ANF 31-67) or it may be even a little larger than 4,000 MW, suggesting a slightly longer amino acid sequence with amino acids added onto one or both ends of the pro-ANF 31-67 peptide. The exact amino acid sequence or number of amino acids of this approximately 4,000-MW peptide could not be determined from the present study. Analytic separation of the prohormone peptides in human plasma by high-pressure liquid chromatography followed by radioimmunoassay for pro-ANF 31-67 revealed, however, that this peptide in plasma coeluted exactly with pure synthetic amino acids 31-67 of the prohormone on high-pressure liquid chromatography, suggesting that the 4,000 -MW peptide recognized by the pro-ANF 31-67 radioimmunoassay is very similar to pro-ANF 31-67 itself.
The discovery of a 4,000-MW peptide from the midportion of the 10,000-MW N-terminus of pro-ANF circulating normally in human indicates that the 98-amino-acid N-terminus of the prohormone is cleaved by proteases either in the heart or in the circulation to form smaller peptides. Because the whole 1-98-amino-acid N-terminus of the ANF prohormone circulates in normal humans, one would suspect that this cleavage takes place in the circulation, but the simultaneous secretion from the heart of the whole N-terminus and of smaller peptides derived from the N-terminus cannot be ruled out from the present study. The C-terminus of the prohormone (i.e., ANF) is formed by proteolytic separation from the N-terminus.13 Both trypsin and thrombin can break the arginine-serine bond between amino acids 98 and 99 to form ANF. 13 Both trypsin and thrombin may also break a similar bond between amino acids 67 and 68 (arginine and aspartic acid) to form peptide fragment . In addition to trypsin and thrombin, there is a large family of aspartic proteases (E.C. 4.23) in the circulation whose preference for cleavage is between hydrophobic bonds such as those formed by arginine, lysine, phenylalanine, or leucine. [16] [17] [18] [19] [20] The aspartic proteases as well as trypsin and thrombin could cleave the Nterminus of pro-ANF via hydrolysis of the arginine linkage between amino acids 67 and 68 of the prohormone. When examining the amino acid sequence of the N-terminus of the prohormone, these aspartic proteases might also hydrolyze the lysine bond at amino acid 25 to form a peptide consisting of amino acids 25-67, which might be consistent with the approximately 4,000-MW peptide that circulates; these proteases might also hydrolyze the lysine bond at amino acid 16 to form peptides of 1-16 and 17-67. A peptide consisting of amino acids 17-67 of pro-ANF would have a molecular weight too large to correspond to the 4,000-MW peptide found to circulate in humans, and this would argue against this peptide being formed by proteolytic cleavage. These same aspartic proteases could theoretically also hydrolyze the leucine bond at amino acid 38, but this would result in peptide (i.e., 39-67) of approximately 3,000 MW, which would not correlate with the immunoreactivity found in the gel permeation studies. It is important to note that three peptides that could be formed by a protease attacking the acidic amino acid-aspartic acid bond would consist of amino acids 1-30, 31-67, and 79-98, a peptide that also has vasodilatory activity in vitro.5 Papin 3E, a proteolytic plant enzyme, does attack this aspartic acid bond avidly,21 but a similar proteolytic enzyme in human circulation has not been identified yet.
The above proteolytic processing of the Nterminus of pro-ANF to form the 4,000 -MW peptide in the midportion of the N-terminus also indicates that N-terminus is cleaved into at least three peptide segments (i.e., one peptide segment [amino acid or a smaller peptide) cleaved from the N-terminus of this 4,000-MW peptide in midportion of pro-ANF and another peptide (68-98 or a smaller fragment of this peptide linkage) formed after cleavage of the bond between amino acids 67 and 68. Although the exact length of the peptide chains resulting after proteolytic processing of the prohormone is unknown, the high-pressure liquid chromatography examination of normal human plasma followed by pro-ANF 1-30 radioimmunoassay indicated that a peptide in plasma coeluted with more than 99% specificity with pure synthetic pro-ANF 1-30, suggesting pro-ANF 1-30 might be one of the peptides circulating after cleavage of the N-terminus of the prohormone as we have suggested previously.22-24 The gel permeation studies of the present study, however, indicate that the pro-ANF 1-30 radioimmunoassay is immunologically recognizing a 10,000-MW peptide consistent with pro-ANF 1-98. Because the high-pressure liquid chromatography data demonstrated one major peak with our pro-ANF 1-30 radioimmunoassay, the pro-ANF 1-98 retention time on the highpressure liquid chromatography C-18 column must be very similar to that of pro-ANF 1-30. This pro-ANF 1-30 radioimmunoassay did detect two other small peptides in plasma run over highpressure liquid chromatography as observed in Figure 4 , which might be a further cleavage product(s) of pro-ANF 1-30. Although the exact consistency of the other peptides formed by the proteolytic processing of the N-terminus of the prohormone is unknown, it is important to note that both pro-ANF 1-30 and pro-ANF 79-98 of the N-terminus of the ANF prohormone as well as pro-ANF 31-67 have vasodilatory properties in vitro.5 These two peptides also have diuretic properties, although they are not as potent as pro-ANF 31-67 whose natriuretic and diuretic properties are nearly equal to ANF. 6 We have not as yet developed a radioimmunoassay to 79-98 because this peptide does not have a tyrosine in it to label with iodine, but its and pro-ANF 1-30's vasodilatory and diuretic effects5-7 suggest that they may be hormones if they circulate. Pro-ANF 31-67's ability to vasodilate aorta5 at concentrations at which it was found to circulate in human control subjects in the present study suggest that it as well as ANF is a hormone derived from the same ANF prohormone. Thus, two, and possibly four, hormones are contained in the 126-amino-acid pro-ANF, similar to the prohormone for proopiomelanocortin, which contains several hormones within its amino acid sequence.25 '26 Immunoreactive ANF levels have been demonstrated previously to be increased in patients with congestive heart failure.27,28 The present study demonstrates that in addition to the C-terminus, the 98-amino-acid N-terminus and a 4,000-MW peptide consistent with pro-ANF 31-67 increase in response to increasing severity of the salt and water metabolism abnormality. The N-terminus of pro-ANF has also been reported to be increased when Class I and II patients were grouped together,15 but in the present study where groups with Classes I-IV congestive heart failure were separated into distinct groups, it was apparent that persons with Class I congestive heart failure do not have marked increases in the release of the 98-amino-acid Nterminus or the C-terminus of pro-ANF. The fact that the circulating concentration of pro-ANF 31-67, on the other hand, was markedly increased compared with that of the whole N-terminus in patients with Class I congestive heart failure suggests that in patients with even mild congestive heart failure, the 98-amino-acid N-terminus is being processed at a much more rapid rate compared with patients without congestive heart failure to obtain a peptide of approximately 4,000 MW. This interesting possibility (that the proteases are somehow recognizing that there is an abnormality of salt and water metabolism and respond to this abnormality by increasing proteolytic processing of the Nterminus of ANF prohormone to produce a 4,000-MW peptide with potent natriuretic and diuretic properties6) is a completely new concept in the physiologic regulation of salt and water metabolism, but it is one definite possibility suggested by the data of the present study. The other possibility is that pro-ANF 31-67, once cleaved from the N-terminus of the prohormone, is metabolized (i.e., degraded) at a much slower rate than the rest of the prohormone in patients with congestive heart failure-allowing its concentration to increase disproportionately to the rest of the prohormone. The present study of patients with congestive heart failure demonstrates that plasma levels of the Nterminus, C-terminus, and the peptide (pro-ANF 31-67) from the midportion of the N-terminus of pro-ANF are all sensitive and practical indicators of the severity of congestive heart failure. The determination of ANF, the whole N-terminus, or particularly pro-ANF 31-67's circulating concentration because it is the only assay that discriminates patients with Class I congestive heart failure from normal persons, may be useful to help accurately classify the severity of congestive heart failure.
